؉ T lymphocytes often play a primary role in adaptive immunity to cytosolic microbial pathogens.
Shigella flexneri is a Gram-negative bacterial pathogen that causes severe diarrhea in humans, resulting from a strong inflammatory response and the destruction of the colonic epithelium (38) . Following ingestion, Shigella induces its uptake into colonic epithelial cells by using the concerted action of type III secreted effector proteins and subsequently lyses the endosomal membrane, freeing the organisms into the host cell cytoplasm. Once in the cytoplasm, Shigella uses actin-based motility to spread to adjacent cells, thus largely avoiding targeting by opsonizing antibodies and immune cells of the lymphoid follicle (6) . In the rectal submucosa, Shigella also infects macrophages and rapidly induces caspase-1 activation via proteins secreted by the type III secretion system (TTSS), resulting in cell death of the macrophage and escape of the bacteria from the phagocytic cell (8, 16, 50 ).
An age-related decrease in the incidence of shigellosis has been observed for children living in areas where this disease is endemic (37) , suggesting that natural protective immunity is induced during Shigella infection. However, acquired immunity against Shigella is apparent only following multiple rounds of exposure to the pathogen and is inefficient in limiting disease progression during subsequent infections (33) . Epidemiological studies have demonstrated that the limited protection that arises following infection is serotype specific, indicating that B lymphocytes are important for this protection (19) . In contrast, little is known about the role of T-cell-mediated immune responses during shigellosis. There have been reports that T cells infiltrate the rectal mucosa during acute infection (18) ; however, it is unclear whether these T cells are specific for Shigella antigens. It has also been reported that during acute infection, there are alterations in the T-cell receptor (TCR) V␤ repertoires of peripheral blood CD4 ϩ and CD8 ϩ T cells (20) , but again, it is unknown whether the repertoire shift is Shigella specific and whether this shift changes the course of infection.
The difficulty in studying adaptive immune responses to Shigella has partly been that mice do not acquire intestinal disease following intragastric infection with Shigella. Many studies investigating adaptive immunity to S. flexneri have relied on the mouse bronchopulmonary model of infection, in which intranasal inoculation results in an acute inflammatory response characterized by an influx of polymorphonuclear neutrophils into the site of infection. This model recapitulates many elements of human gastrointestinal infection and has been used to investigate the roles of various immune effectors in limiting Shigella infection (31, 44) . Similar to the case in natural infection, protective immunity to S. flexneri in the mouse model has been shown to be dependent upon antibody-secreting B lymphocytes, and this protection can be transferred to naïve mice by immune serum (45) . While some protective immunity can also be conferred by interleukin-17A (IL-17A)-producing CD4 ϩ Th17 cells (41) , evidence suggests that CD8 ϩ T lymphocytes are not required in the adaptive immune response to S. flexneri (45) . Evidence that CD8 ϩ T cells are ineffective against Shigella has been demonstrated through studies where the protection afforded by prior infection was not different between wild-type (WT) mice and mice from which CD8 ϩ T cells were depleted prior to challenge (45) .
During infection of mice with Listeria monocytogenes, an organism that, like Shigella, escapes from the phagocytic vacuole of cells and replicates in the host cell cytoplasm, CD8 ϩ T cells are stimulated and constitute the major component of adaptive immunity. Therefore, the limited contribution of CD8 ϩ T cells to protection against S. flexneri was unexpected, given the capacity of this organism to secrete proteins into and replicate within the host cytosol in a manner similar to that of Listeria. Shigella proteins are translocated into the host cell cytosol by surface-bound bacteria via the TTSS, and additional proteins are secreted directly into the host cell cytosol once the organisms are present and replicating within the cytoplasm. Because cytosolic proteins are typically processed and then presented by major histocompatibility complex class I (MHC-I) molecules to T cells, we hypothesized that antigenspecific CD8 ϩ T cells should constitute an important component of adaptive immunity to this pathogen. Since previous studies have suggested that CD8 ϩ T cells are not required during the adaptive immune response to S. flexneri, we investigated whether antigen-specific CD8 ϩ T cells are primed during Shigella infection but fail to protect the host upon challenge or whether they initially fail to respond during primary infection. Our findings suggest that antigen-specific CD8 ϩ T cells do not respond during S. flexneri infection and are therefore unable to protect the host. We conclude that limited CD8 ϩ T-cell-mediated protection during natural infection may result from an inability of antigen-specific CD8 ϩ T cells to be primed.
MATERIALS AND METHODS
Bacterial and viral strains. Shigella flexneri serovar 5 WT strain M90T (39), ipaC mutant SF621 (a derivative of M90T) (30) , serovar 2a WT strain 2457T (23), a virulence plasmid-cured derivative of 2457T (BS103) (28) , and WT strain 2457T transformed with p-GFPmut2 (M. Goldberg, unpublished data) were grown at 37°C in tryptic soy broth (TSB) and on tryptic soy agar (TSA) plates containing 0.01% (wt/vol) Congo red (Sigma), supplemented with ampicillin (100 g/ml) where appropriate. Escherichia coli DH5␣ was grown in LB broth. WT lymphocytic choriomeningitis virus (LCMV) strain Armstrong CA 1371 (12) was propagated in BHK-21 cells (46) and quantitated by plaque assays on Vero cell monolayers as previously described (1). Recombinant vaccinia virus expressing the NP 118-126 protein (Vac-NP; a gift from M. Oldstone, The Scripps Institute, San Diego, CA) was purified as described previously (15) .
Plasmid and strain construction. Plasmid p-GFPmut2 (10) was transformed into virulence plasmid-cured Shigella BS103 (this study) by electroporation. Plasmid pAD1 (pIpaC-NP), which carries a fragment containing the NP 118-126 epitope sequence ligated into the ipaC gene after codon 57, was constructed as follows. The following primers were annealed to create a fragment encoding the NP 118-126 epitope flanked by SalI and HindIII restriction sites: 5Ј-TCGACCCGCCCGCAAGCGAGCGGCGTGTATATGGAGCTCA-3Ј (forward) and 5Ј-AGCTTGAGCTCCATATACACGCCGCTCGCTTGCGGGC GGG-3Ј (reverse). The fragment was cloned in frame into plasmid pIpaC57 (5) (a gift from C. Parsot, Pasteur Institute, Paris, France) after codon 57 of the ipaC gene, between SalI and HindIII restriction sites, to replace the C3 epitope. After verification of the pIpaC-NP nucleotide sequence, the plasmid was transformed into S. flexneri strain SF621, a strain lacking ipaC, by electroporation to form strain ipaC/pIpaC-NP.
Cell lines and cell culture. B3Z cells (a gift from N. Shastri, University of California, Berkeley, CA), 1308.1 epithelial cells (13) , and J774 cells were grown at 37°C and 5% CO 2 in RPMI (Invitrogen, Grand Island, NY) supplemented with 10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, HEPES, 50 M 2-mercaptoethanol, 50 U/ml penicillin, and 50 g/ml streptomycin. NP 118-126 -specific CD8 ϩ T cells (harvested from Vac-NP-immunized mice and stimulated on NP peptide-coated cells) were maintained in the above-described medium supplemented with 5% supernatant from concanavalin A-stimulated rat spleen cells and 50 mM ␣-methylmannoside. Bone marrow macrophages (BMM) were prepared by harvesting bone marrow from femurs of C57BL/6J and caspase-1 Ϫ/Ϫ mice and culturing the cells for 7 days at 37°C and 5% CO 2 in RPMI supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 1 mM pyruvate, and 20% macrophage colony-stimulating factor (M-CSF)-conditioned medium collected from the supernatant of L929 cells.
Mice. C57BL/6J (used for generating bone marrow-derived macrophages and for isolating T cells for T-cell proliferation assays) and BALB/c (used for all in vivo infections) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Caspase-1-deficient mice (25) were a gift from the Abbott Bioresearch Center (Worcester, MA). All experiments were approved by Harvard's Institutional Animal Care and Use Committee. For in vivo infections, BALB/c mice were each inoculated intranasally (i.n.) at the indicated doses with S. flexneri M90T in a 20-l volume. For determination of bacterial loads, mice were sacrificed and lungs were homogenized in 10 ml sterile phosphate-buffered saline (PBS) and plated on TSB agar plates for bacterial CFU enumeration. For intraperitoneal (i.p.) infections, mice were injected at the indicated doses with Shigella M90T diluted in PBS to a volume of 200 l. For LCMV infections, mice were injected i.p. with 4 ϫ 10 5 PFU diluted in PBS. For infections with recombinant vaccinia virus expressing NP 118-126 , the virus was first incubated in 0.125% trypsin for 30 min at 37°C and subsequently diluted in PBS before immunization of mice i.p. with 5 ϫ 10 6 PFU/mouse. Bacterial infections and virulence assays. Cells were infected with S. flexneri or E. coli by centrifuging exponential-phase bacteria diluted in PBS onto semiconfluent monolayers of cells at the indicated multiplicities of infection (MOIs) at 700 ϫ g for 10 min. The cells were subsequently incubated for 20 min at 37°C and 5% CO 2 , washed three times with PBS, and resuspended in medium containing gentamicin at the indicated concentrations. Bacterial invasion of HeLa cells was quantitated using a gentamicin protection assay (14) , as follows. HeLa cells were seeded at 2 ϫ 10 5 cells/well in 24-well tissue culture dishes and grown for 18 h in medium without antibiotics. The cells were then infected with exponential-phase Shigella at an MOI of 10:1 as described above and then incubated for 1.5 h in medium containing gentamicin (50 g/ml) to kill extracellular bacteria. The cells were then washed in PBS before being lysed in 0.1% Triton X-100-PBS. Enumeration of bacterial CFU was performed by plating lysates on TSA plates and counting bacterial CFU after overnight incubation at 37°C. The ability of Shigella strains to escape from phagosomes was evaluated using a chloroquine resistance assay (14) . J774 cells were infected for 30 min as described above and then incubated for 1.5 h at 37°C and 5% CO 2 in medium containing gentamicin (50 g/ml), with or without chloroquine (50 g/ml). The cells were then washed in PBS and lysed in 0.1% Triton X-100-PBS, and bacterial CFU were enumerated.
Secretion assay and IpaC immunoblotting. Secretion of IpaC through the TTSS was induced using a Congo red secretion assay. Exponential-phase bacteria were harvested, resuspended in 10 M Congo red-PBS, and incubated at 37°C for the indicated times. Following incubation, bacteria were pelleted by centrifugation, and supernatants were collected and passed through a 0.22-m-poresize filter. Proteins in the supernatants, which represent proteins secreted through the TTSS, were then concentrated by trichloroacetic acid (TCA) precipitation and analyzed by SDS-PAGE and immunoblotting using goat anti-IpaC antibody (bl-15; Santa Cruz Biotech, Santa Cruz, CA). [118] [119] [120] [121] [122] [123] [124] [125] [126] peptide, for 1 h at 37°C. Cells were washed three times with PBS, after which effector cells were added to 10,000 radiolabeled target cells at the indicated ratios. Spontaneous or maximum lysis was determined by incubating cells with either medium or 1% Triton X-100, respectively. After 4 h of incubation at 37°C and 5% CO 2 , release of 51 Cr into cell supernatants was quantified on a Wallac 1470 gamma counter.
In vitro assay for IFN-␥ production by T cells. J774 cells were infected at an MOI of 100:1 with S. flexneri M90T or ipaC/pIpaC-NP for 30 min as described above. Uninfected J774 control cells were coated with NP 118-126 peptide (100 nM) for 1 h at 37°C. Cells were then incubated in medium with gentamicin (50 g/ml) for an additional 1.5 h and subsequently irradiated for 35 min (2 ϫ 10 4 rads). A total of 1 ϫ 10 4 irradiated infected or uninfected peptide-coated J774 cells were incubated with 1 ϫ 10 4 NP 118-126 -specific CD8 ϩ T cells (9 to 11 days poststimulation) and 2.5 ϫ 10 5 irradiated (2 ϫ 10 3 rads) syngeneic spleen cells. Cultures were established in medium supplemented with 5% concanavalin Astimulated rat spleen cells and 50 mM ␣-methylmannoside. Following 12 h of incubation, the amount of gamma interferon (IFN-␥) present in the culture supernatants was determined using an enzyme-linked immunosorbent assay (ELISA) kit (Endogen).
T-cell proliferation assay. T cells were isolated from splenocytes of C57BL/6J mice by use of anti-Thy1.2-conjugated MACS microbeads and a magnetic separation column (Miltenyi Biotec) according to the manufacturer's directions. The purified T cells were then labeled with carboxyfluorescein succinimidyl ester (CFSE) as described previously (27) and subsequently infected with Shigella M90T for 3 h as described above. Cells were then washed once in PBS and resuspended in medium supplemented with gentamicin (50 g/ml), 2% penicillin-streptomycin, and anti-CD28 (1 g/ml) before being reseeded in wells that had previously been coated with anti-CD3 antibodies (2 g/ml). After 3 days of stimulation, the cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences) using FloJo (Tree Star Industries).
In vitro T-cell stimulation using recombinant anthrax lethal toxin. LFnOva 257-264 was engineered and purified as previously described (4) . Protective antigen (PA) was generously provided by R. J. Collier (Harvard Medical School, Boston, MA). C57BL/6J BMM, caspase-1 Ϫ/Ϫ BMM, or 1308.1 epithelial cells were infected at the indicated MOIs with Shigella 2457T or E. coli as described above or were left uninfected. Following a 30-min infection, the cells were washed with PBS and incubated in medium containing LFn-Ova 257-264 (30 pmol), PA (30 pmol), and gentamicin (100 g/ml) for 1 h. Cells were washed in PBS, and 1 ϫ 10 5 B3Z hybridoma T cells were added in medium containing gentamicin (final concentration, 100 g/ml). At 8 hours postinfection, the medium was replaced with 150 l lysis buffer (PBS, 100 M 2-mercaptoethanol, 9 mM MgCl 2 , 0.125% NP-40, and 0.15 mM chlorophenol red-␤-D-galactopyranoside [Calbiochem]), and the absorbance at 570 nm (A 570 ) was determined.
Analysis of MHC-I expression. For in vitro analysis of MHC-I expression, BMM or 1308.1 epithelial cells were infected at an MOI of 10:1 with Shigella 2457T/p-GFPmut2 or virulence plasmid-cured BS103/p-GFPmut2 as described above and then incubated in medium containing gentamicin (100 g/ml) for 2.5 additional hours. Cells were lifted nonenzymatically by use of Cellstripper (Mediatech, Inc.) according to the manufacturer's directions and subsequently stained with anti-K b MHC-I antibody (BD Biosciences) and 7-amino-actinomycin D (7-AAD; eBioscience). Cells were then analyzed by flow cytometry.
Statistical analysis. Data are expressed as means Ϯ standard deviations (SD). The statistical significance of differences was analyzed using two-tailed Student's t test for paired samples or Fisher's test for nonpaired samples. Where appropriate, analysis of variance (ANOVA) and Bonferroni simultaneous tests were used to determine statistical significance in Minitab and Prism. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

Shigella secreting the NP 118-126 epitope via the type III secretion system does not prime CD8
؉ T-cell responses in vivo. T-cell priming is a critical step in the initiation of a protective T-cell response. The activation, proliferation, and differentiation of naive CD8 ϩ T cells into effector cells confer upon the cells the ability to secrete cytokines and lyse infected antigenpresenting cells. Previously, it was demonstrated that the depletion of CD8 ϩ T lymphocytes from mice does not alter protection against Shigella challenge (45), but it was unclear whether CD8 ϩ T cells are unable to be primed during Shigella infection or whether T cells are primed during infection but fail to protect upon challenge. Since no CD8 ϩ T-cell epitopes from S. flexneri proteins have been identified to date, we constructed a Shigella strain expressing an epitope-tagged IpaC protein to determine if Shigella secreting a well-characterized CD8 ϩ Tcell epitope could stimulate CD8 ϩ T cells in mice. IpaC, which is required for both Shigella invasion and escape into the cytosol of host cells, is secreted by the TTSS into the cytoplasm of host cells upon contact of bacteria with host cells (5, 29) ; therefore, the secretion of an IpaC-epitope fusion protein into the cytoplasm of cells should allow access of the epitope to the MHC-I processing and presentation pathway. To create a plasmid encoding an IpaC-epitope fusion protein, a fragment encoding the MHC-I-restricted CD8 ϩ T-cell epitope NP 118-126 (which is presented by H-2L d MHC-I) from LCMV was ligated into the ipaC gene in frame after codon 57. The location for the insertion of the epitope into IpaC was chosen based upon a previous study showing that incorporation of a 14-amino-acid fragment at this location did not disrupt the function of IpaC (5). The resulting plasmid, pIpaC-NP, designed to constitutively express the recombinant gene, was then used to transform the ipaC null strain SF621, forming strain ipaC/pIpaC-NP. To assess the ability of plasmid pIpaC-NP to complement an ipaC mutant for cellular invasion and phagosomal escape, the recombinant ipaC/pIpaC-NP strain was tested for the ability to enter cells and escape from phagosomes. A gentamicin protection assay demonstrated that complementation of ipaC with pIpaC-NP restored the invasiveness of the ipaC mutant into HeLa cells to 100% of WT levels (Fig. 1A) . The ability of the strain to escape from phagosomes was evaluated using a chloroquine resistance assay in which chloroquine accumulates in phagosomes and kills bacteria that do not escape to the cytoplasm. As expected, the WT strain escaped from phagosomes with 79% efficiency, while the ipaC mutant largely remained localized in the phagocytic vacuole and demonstrated a basal level of escape to the cytoplasm (3% that of the WT) (Fig. 1B) . Complementation of ipaC with pIpaC-NP restored phagosomal escape of the recombinant strain to 44% of that of the WT strain. To confirm that IpaC-NP was secreted from the recombinant strain, the kinetics of the secretion of IpaC into the culture supernatant by the recombinant strain was examined through Congo red induction. IpaC-NP was secreted into the culture supernatant of the recombinant strain as soon as 30 min postinduction and was present at levels slightly higher than the levels of WT IpaC secreted by the WT strain (Fig. 1C) ϩ T cells present in the LCMV-immune mice might have a protective effect during challenge with Shigella expressing IpaC-NP. Surprisingly, there was no decrease in the load of ipaC/ pIpaC-NP in the lungs of LCMV-immune mice versus naïve mice at 24 h postchallenge ( Fig. 2A) , demonstrating that antigen-specific CD8 ϩ T cells did not have a protective effect during S. flexneri infection. A 51 Cr release assay confirmed that NP 118-126 -specific T cells from the LCMV-immune mice were fully cytotoxic and able to lyse peptide-coated target cells in vitro (Fig. 2B) , confirming the presence of NP 118-126 -specific CD8 ϩ T cells in vaccinated mice but their failure to contain infection with Shigella expressing the NP 118-126 tag.
Because our results suggested that NP 118-126 -specific T cells were unable to protect against Shigella expressing the NP 118-126 fusion protein, we next sought to determine whether ipaC/ pIpaC-NP could stimulate a detectable local or systemic primary NP 118-126 -specific CD8 ϩ T-cell response in mice. Mice were infected with ipaC/pIpaC-NP, either i.n. or i.p., or with recombinant vaccinia virus expressing the LCMV NP protein (Vac-NP) as a positive control. At 2 weeks postinfection, draining lymph nodes (from i.n. infected mice) or splenocytes (from i.p. infected mice) were harvested and stimulated on irradiated syngeneic spleen cells that had previously been incubated with NP 118-126 peptide. After 5 days of in vitro stimulation, the cells were assayed for the ability to lyse NP 118-126 peptide-coated target cells in a 51 Cr release assay. Cultures from ipaC/pIpaC-NP-infected mice were not able to lyse peptide-treated cells more efficiently than untreated cells (Fig. 3) , clearly demonstrating that this strain was unable to stimulate a cytolytic CD8 ϩ T-cell response. Infection of mice with a different strain of Shigella secreting OVA 257-264 similarly failed to induce proliferation or a considerable change in CD62L or CD44 expression (data not shown) of OVA 257-264 -specific TCR transgenic CD8 ϩ T cells transferred into these mice. Collectively, these results demonstrate that CD8 ϩ T cells not only fail to provide protection against Shigella infection but also remain largely unstimulated during infection.
Antigens delivered into the cytoplasm of Shigella-infected host cells fail to stimulate T cells. One explanation for the inability of Shigella cells expressing the NP tag to stimulate a T-cell response in vivo is that Shigella regulates the spatial and/or temporal expression of IpaC such that a T-cell response fails to develop against this protein. Additionally, it is possible that Shigella actively inhibits the development of T-cell responses during infection. Our lab has previously shown that Salmonella directly inhibits T-cell proliferation and cytokine secretion in a contact-dependent manner (43) . To determine whether Shigella employs a similar immune evasion strategy, T cells were directly infected with Shigella for 3 h to allow for the delivery of bacterial effectors, resuspended in medium containing penicillin-streptomycin to kill the bacteria, and then stimulated for 3 days by CD3ε/CD28 ligation. Shigella did not inhibit the proliferation of T cells in this system (Fig. 4A) ; however, it is possible that T-cell proliferation would have been affected in the absence of antibiotic treatment due to Shigella-induced cell death. In an effort to clarify why Shigella was unable to stimulate antigen-specific CD8 ϩ T cells in vivo, we next examined the ability of antigen-presenting cells infected with ipaC/pIpaC-NP to stimulate an NP-specific CD8 were not stimulated by J774 cells infected with ipaC/pIpaC-NP (Fig. 4B) , suggesting that the NP 118-126 epitope was not presented efficiently for the stimulation of T cells. RAW264.7 cells infected with this strain were also unable to stimulate NP 118-126-specific T cells (data not shown). This finding suggests that Shigella blocks MHC-I-restricted presentation of Shigella-specific antigens in infected macrophages. This demonstrates that T cells not only fail to become cytolytic during Shigella infection, as our in vivo experiments suggested, but also remain completely unstimulated when cultured with infected cells.
Although it is likely that Shigella-induced cell death contributes to the inhibition of antigen presentation in infected cells, it is also possible that a redundant effector mechanism actively interferes with the presentation of antigens at the cell surface and therefore interferes with the development of T-cell-mediated immunity. Because our method for studying immune responses using the IpaC-NP fusion depended upon a functional TTSS, we chose an alternate system for delivering antigens into the host cell cytoplasm that would allow us to determine if the inhibition of antigen presentation was specific to virulent Shigella. Our lab has developed and extensively characterized an antigen delivery system based on the ability of lethal factor (LF) protein from anthrax toxin to bind and enter host cells. LF, which requires PA for its translocation to the cytosol of eukaryotic cells, is endocytosed by cells and translocated to the cytosol following endosomal acidification. By tagging of nontoxic N-terminally truncated lethal factor (LFn) with the MHC-I-restricted OVA 257-264 epitope from ovalbumin, OVA 257-264 can be delivered into the cytosol of host cells in vitro. Using this system, OVA 257-264 enters the antigen processing pathway and OVA-specific CD8 ϩ T cells are stimulated by the resulting OVA 257-264 -MHC-I complexes (2-4, 11, 26, 49) . To determine whether antigens delivered into the cytoplasm of mammalian cells would be processed and presented when the cells were infected with Shigella, BMM were infected with S. flexneri or E. coli at the indicated MOIs and subsequently treated with LFn-OVA 257-264 and PA for 1 h to allow for the delivery of OVA 257-264 peptide into the host cell cytosol. The use of the LFn delivery system, in which OVA 257-264 is presented by H-2K b MHC-I, required that we use BMM derived from C57BL/6 (H-2 b ) mice for these experiments. The infected and uninfected cells were then resuspended with B3Z T cells, an OVA 257-264 -specific CD8 ϩ T-cell hybridoma that synthesizes ␤-galactosidase upon activation (21, 36) , to detect the presentation of the ovalbumin epitope. While a minimal block in antigen presentation occurred when the BMM were infected with E. coli, S. flexneri infection significantly decreased the presentation of OVA 257-264 to T cells in a manner that correlated with increasing MOIs (Fig. 4C) . The ability of Shigella to decrease antigen presentation in infected cells was dependent upon entry of the bacterium into cells and did not occur when cells were infected with heat-killed WT Shigella (data not shown). The correlation between decreasing presentation and increasing MOIs may have resulted from a larger number of cells being infected in wells with higher MOIs than in those with low MOIs. Additionally, it may be that a larger number of Shigella organisms per individual cell is required to block macrophages from presenting antigen. Because only a portion of the cells were infected in wells to which Shigella was added, it is possible that the B3Z response observed in these wells is completely attributable to uninfected cells. Alternatively, it is possible that Shigella-infected cells are not completely blocked from presenting antigen and therefore make limited contributions to the T-cell response. Because Shigella naturally infects epithelial cells in the rectal submucosa, we repeated these experiments using 1308.1 (H-2 b ) epithelial cells and again observed a significant decrease in antigen presentation in infected cells (Fig. 4D) , suggesting that the presentation of MHC-I-restricted Shigella antigens in the submucosal epithelium might be inhibited similarly.
It is interesting to speculate that Shigella engages an effector mechanism to specifically inhibit antigen presentation. However, we acknowledged that the block in antigen presentation could be due, or partly due, to cell death of infected macrophages. It is well established that Shigella activates caspase-1-mediated pyroptosis in macrophages following binding of the (8, 9, 51, 52) . Therefore, the onset of cell death in caspase-1-deficient BMM is significantly delayed and is less robust than that in WT BMM (16, 42) . To determine if the ability of Shigella to block antigen presentation was dependent upon caspase-1-mediated cell death, caspase-1 Ϫ/Ϫ BMM were infected and then tested for the ability to present OVA peptide to T cells, using the anthrax toxin antigen delivery system. Although caspase-1 contributed to the inhibition of OVA 257-264 presentation during infection for several MOIs tested (by comparing infected WT cells to infected caspase-1 Ϫ/Ϫ cells), presentation was also significantly inhibited in infected caspase-1 Ϫ/Ϫ cells compared to uninfected cells (Fig. 4E) . This finding demonstrates that the inability of infected macrophages to present antigen is not entirely dependent upon this major mechanism of cell death.
Cells infected with Shigella present low levels of MHC-I on the cell surface. The inability of Shigella-infected cells to present antigen to T cells suggested that MHC-I-antigen complexes might be inhibited from reaching the cell surface or might actively be downregulated during infection, resulting in (Fig. 5A) . In contrast, infection of cells with plasmid-cured Shigella did not affect the expression of MHC-I relative to that in uninfected cells, indicating that one or more virulence plasmid-encoded proteins or access to the cytoplasm is required for the downregulation of surface MHC-I. We repeated this experiment using WT and caspase-1 Ϫ/Ϫ BMM to determine if a reduction in cell surface MHC-I expression might explain the inability of macrophages to present Shigella-specific antigens to T cells. While infection of WT or caspase-1 Ϫ/Ϫ BMM with plasmid-cured Shigella induced the upregulation of surface MHC-I relative to that in uninfected cells (Fig. 5B and C) , infection of cells with WT Shigella reduced surface MHC-I expression on a population of macrophages, similar to the phenotype we observed for epithelial cells. Infection of J774 and RAW264.7 macrophages (which each express H-2 d MHC-I) similarly resulted in the reduction of surface MHC-I expression compared to that in uninfected cells (data not shown). Interestingly, a subset of both WT and caspase-1 Ϫ/Ϫ macrophages infected with WT Shigella also displayed high levels of MHC-I, similar to levels induced by virulence plasmid-cured Shigella, at 3 h postinfection. This observation may be explained by the early induction of preformed MHC-I-antigen complexes on the cell surface following stimulation of pathogen recognition receptors during infection. It is also possible that these cells carried different bacterial loads from those of cells that downregulated MHC-I or were uninfected cells carrying outer membrane-associated extracellular bacteria (thus marking the cells as GFP ϩ "infected" cells). To determine if Shigella-induced cell death could be distinguished from the downregulation of MHC-I on infected cells, infected 1308.1 cells, WT BMM, and caspase-1 Ϫ/Ϫ BMM were stained with 7-AAD, a fluorescent DNA-intercalating agent that penetrates cells with compromised membrane permeability. However, at 3 h postinfection, infected cells that downregulated MHC-I had already incorporated 7-AAD (data not shown).
While it is possible that Shigella employs an active mechanism to block MHC-I-antigen complexes from reaching the cell surface, the onset of cell death in Shigella-infected cells impeded our efforts to determine if such a mechanism exists. Interestingly, however, 7-AAD ϩ cells infected with plasmidcured Shigella did not downregulate MHC-I at the time points we examined, suggesting that the downregulation of class I molecules by virulent Shigella is not simply the reflection of a general mechanism of bacterium-induced cell death. Whether due to cell death or to a direct effect on antigen presentation, the reduction of class I molecules on the surface of infected cells likely impacts the presentation of microbial antigens to T cells and therefore limits the development of T-cell-mediated immunity during Shigella infection.
DISCUSSION
Previous studies examining the protective role of T cells during S. flexneri infection were limited to analyses of global T cells with undefined antigen specificities. In the present study, we report the first examination of an antigen-specific CD8 ϩ T-cell response to a Shigella strain secreting an MHC-I-restricted peptide epitope via the TTSS. Various pathogens, including Salmonella and Yersinia, have been engineered to secrete heterologous antigenic peptides into cells, resulting in stimulation of both CD4 ϩ and CD8 ϩ T cells (34, 35) . Here we report that the delivery of heterologous MHC-I-restricted antigens by Shigella fails to prime CD8 ϩ T cells in vivo or in vitro. We went on to demonstrate that Shigella interferes with MHC-I-restricted antigen presentation of both Shigella-specific and heterologous antigens in infected macrophages, which may contribute to the failure of T cells to be primed. Collectively, these findings suggest a possible mechanism for the inefficient and short-lived natural protective immunity that is generated during human infection.
Surprisingly, we found that CD8 ϩ T cells not only were (Fig. 2) but also failed to become activated during primary infection (Fig. 3) . These results are consistent with a recent report by Sellge et al. that demonstrated that unlike CD4 ϩ T cells, CD8 ϩ T cells fail to secrete IFN-␥ or to upregulate CD44 following secondary Shigella infection (41) . The report went on to show that Shigella infection strongly favors the induction of a Th17/interleukin-17A (IL-17A) response over a Th1/IFN-␥ response and that Th17 cells mediate adaptive immunity during infection. Together, these reports establish that Th17 CD4
ϩ , but not CD8 ϩ , T cells can mediate protective immunity to Shigella flexneri. Interestingly, it has been suggested that CD8
ϩ T cells primed in the presence of Th17-skewing cytokines, conditions such as those present during Shigella infection, develop into IL-17-producing cells with reduced cytolytic functions (17) . Therefore, it is possible that these conditions may contribute to the reduced ability of CD8 ϩ T cells to be primed optimally by Shigella in vivo. However, this finding does not entirely explain the inability of T cells that were fully primed by LCMV immunization to be ineffective at controlling Shigella challenge (Fig. 2) or the failure of antigen-specific T cells to respond to infected macrophages in vitro (Fig. 4B) .
Our data presented here suggest that one mechanism that may contribute to the lack of CD8 ϩ T-cell priming during infection is a loss of the antigen presentation capacity of Shigella-infected cells, since analysis of the T-cell response to Shigella in vitro revealed that antigen-specific T cells were not activated by macrophages infected with Shigella secreting a well-characterized antigen (Fig. 4B) . Although it is likely that Shigella-induced cell death contributes to the inhibition of antigen presentation, it is possible that an effector mechanism actively interferes with the presentation of antigens and therefore interferes with the development of T-cell-mediated immunity. The process of peptide loading onto newly synthesized H-2D b MHC-I molecules and their subsequent presentation at the cell surface requires as few as 2 h (47); therefore, although it is likely that most of the infected macrophages would have undergone Shigella-mediated cell death by the completion of the assay, any NP 118-126 -MHC-I complexes presented at early time points postinfection (as early as approximately 2 h postinfection) could have generated a detectable T-cell response prior to a general inhibition of molecular trafficking resulting from cell death. The failure of T cells to be stimulated by ipaC/pIpaC-NP suggests that the NP 118-126 peptide was never presented for the stimulation of T cells by MHC-I, even at early time points. Because the delivery of CD8 ϩ T-cell antigens requires the ability of bacteria to reach the cell cytoplasm, it was not possible by use of the techniques described here to determine if a mutant with a defect in type III secretion would have been able to stimulate a T-cell response.
We went on to show that Shigella not only blocks presentation of Shigella-specific antigens but also decreases the capacity of macrophages to present heterologous antigens delivered to the host cytosol ( Fig. 4C and E) . The finding that infected epithelial cells are similarly inhibited from presenting heterologous antigens during infection (Fig. 4D) (Fig. 5B and C) suggests that trafficking of preformed MHC-I-antigen complexes may not be blocked at early time points postinfection, even though Shigella sufficiently disrupts the function of the host cell to block antigens delivered to the cytosol at the time of infection from ever reaching the cell surface (Fig. 4B) . Therefore, it appears that Shigella-infected cells fail to present MHC-I-restricted antigens at the cell surface if those antigens are delivered to the cytosol at any point postinfection. Collectively, these findings suggest that Shigella directly targets antigen-presenting cells to affect the development of T-cell-mediated immunity during infection.
The ability of Shigella to inhibit MHC class I presentation and the presentation of heterologous antigens is not dependent upon caspase-1-mediated cell death (Fig. 4E and 5C ). However, it is possible that caspase-1-independent mechanisms of cell death play a role in inhibiting presentation. A recent report by Suzuki et al. demonstrated that Shigella-induced cell death, measured by the release of lactate dehydrogenase (LDH) into the culture supernatant, was delayed by at least 2 h in caspase-1-deficient cells but that LDH release comparable to that in WT cells occurred by 5 h postinfection (42) . Therefore, since we analyzed the ability of caspase-1 Ϫ/Ϫ macrophages to stimulate T cells at 8 h postinfection, caspase-1-independent cell death could account for the decrease in the presentation of OVA 257-264 peptide. Although it is likely that Shigella-induced cell death contributes to the inhibition of antigen presentation in infected cells, it is also possible that a redundant effector mechanism functions concurrently with Shigella-induced cell death to inhibit antigen presentation. This hypothesis is supported by the observation that macrophages infected with ipaC/pIpaC-NP were unable to stimulate NP 118-126 -specific CD8 ϩ T cells at any point during the infection (Fig. 4B) . Additionally, we found that the presentation of cytoplasmic OVA peptide and the presentation of MHC-I molecules were inhibited significantly in epithelial cells, as early as 8 and 3 h postinfection, respectively, even though cell death is significantly delayed in nonmyeloid cells compared to that in macrophages (7) . Collectively, our data suggest that a mechanism other than cell death may function to inhibit CD8 ϩ T-cell responses in vivo as well as in vitro.
The mechanism described here is unlikely to be the only strategy used by Shigella to inhibit CD8 ϩ T-cell responses, since the presentation of antigens by cross-presentation would most likely not be inhibited by the downregulation of MHC-I or by macrophage cell death. In fact, the induction of apoptosis in macrophages by Mycobacterium tuberculosis or Salmonella enterica serovar Typhimurium has been shown to facilitate MHC-I-restricted antigen presentation following the uptake of apoptotic vesicles carrying bacterial antigens by uninfected dendritic cells (40, 48) . Therefore, it is likely that the failure of antigen-specific CD8 ϩ T cells to protect against Shigella results from a variety of immune evasion mechanisms, several of which have been described. Phenotypic analysis of apoptotic cells in the lamina propria during acute infection revealed that approximately 40% of T cells undergo cell death during acute infection, suggesting that the number of T cells available to interact with other immune cells is limited during Shigella infection (53) . This finding correlated with reduced expression of IL-2 and antiapoptotic Bcl-2 at the site of infection, which may have contributed to the lack of T-cell survival. Additionally, manipulation of innate immunity by Shigella, including the inhibition of NF-B activation by the effector OspG (22) and the systemic downregulation of IFN-␥ during acute infection (32) , could contribute to an inefficient CD8 ϩ T-cell response. Therefore, it is likely that Shigella engages several mechanisms to interfere with T-cell priming. Our findings demonstrate that interference with MHC-I-restricted antigen presentation is one mechanism through which this is accomplished.
